. 2014. Evidence for sensitivity of dune wetlands to groundwater nutrients.
48
including many threatened plant, insect and animal species (Rhind and Jones, 2009; Howe et al. 2010) . 49
They contain seasonal wetlands, known as dune slacks, which support a particularly diverse flora in 50
Europe (Grootjans, 2004) from their pre-industrial levels of 2 -6 kg N ha -1 yr -1 (Fowler, 2004) . As a consequence, the critical load 58 defined for dune slacks, 10-15kg N ha -1 yr -1 (Bobbink and Hettelingh, 2011) , is exceeded across much 
Groundwater flow direction 124
In a preliminary survey, elevation of the water table at each piezometer and at additional locations 125 around the site -measured by auguring down to the water table and then referred to ground surface 126 elevation measured using a Leica 1200 RTKGPS, with a vertical accuracy of ±1 cm, and correcting for 127 water table depth. Groundwater flow direction was estimated by contour analysis in ArcGIS v10.1. 128 129
Sampling design 130
A preliminary survey was carried out whereby water samples were collected by drilling down to the 131 water table with an augur and sampling the groundwater with a hand pump. This established that there 132 was a possible nitrate contamination gradient that extended into the site from the fertilised pastureland 133 on the south-east site boundary. In order to quantify the possible effects of this contamination 15piezometers, 2 meters in depth with full-length slotted screens of 0.3mm slots covered by mesh were 135 installed. Installation was restricted to dune slack areas as this is where vegetation and rooting zone 136 are in contact with the groundwater and where impacts are most likely to occur. The sampling strategy 137 aimed at evaluating gradients in water chemistry within three distance classes from the south-east site 138 boundary (0 -150 m, 150 -300 m and 300 -450 m). 139 140
Hydrological monitoring and water chemistry sampling 141
Monthly manual measurements of groundwater levels were taken from 15 piezometers using a water 142 level meter (Boart longyear), starting in March 2012 for a period of 12 months. Water samples were 143 collected monthly from the top 10 cm of the water table at each piezometer. During periods of 144 inundation, when water table was above ground level in certain slacks, samples of the standing water 145 above the piezometer were collected. Water samples were also collected from streams entering or 146 nearby the site (Figure 1 ), which could potentially contribute to groundwater nutrients via seepage from 147 the stream bed. Stream water samples were collected at the same time as groundwater, by dipping a 148 clean collecting container into the surface flow. Samples were stored in darkness at 5°C prior to 149 chemical analysis. pH was recorded for each sample which was then filtered through 0.45 µm nylon 150 syringe filter (Avonchem™). Dissolved inorganic anions (chloride, nitrite, nitrate, phosphate and 151 sulphate) and cations (sodium, ammonium, potassium, calcium and magnesium) were then measured 152 
Botanical Survey 157
At each of the 15 piezometers vegetation was surveyed in three 1m x 1m quadrats. The quadrats were 158 placed at a 3m distance from the piezometer and arranged on cardinal bearings (North, West and 159 East). Species occurrence was recorded using visual estimates of % cover for all species of vascular 160 plants, bryophytes and lichens. Nomenclature follows Stace (2010) for vascular plants and Hill et al. 161 (1994) for bryophytes. Cover of bare ground and litter were also recorded. The location of each quadrat 162 was recorded at its centre using a Leica 1200 RTKGPS. Mean UK-modified Ellenberg indicator values 163 (Hill et al., 1999 , Hill et al., 2007 were then calculated for each quadrat using species presence data. 164 prior to analysis. The thickness of the organic horizon was recorded and any vegetation and large roots 173 were removed. The soil was then homogenised by hand and a sub sample (10-15g field moist soil) was 174 weighed and dried at 105°C and reweighed to measure moisture content. The samples were then re-175 heated in a furnace at 375°C for 16hrs and re-weighed to determine organic matter content through 176
Loss on Ignition (Ball et al. 1964). 177
A sub-sample was prepared for chemical analysis using a water extraction of 10g homogenised sample 178 of fresh soil, mixed with 10ml of ultra-high purity water (1:10wt/vol) on a laboratory blender (Stomacher 179 80, Seward UK). pH was recorded using a calibrated pH electrode and electrical conductivity was 180 measured using a conductivity meter (Primo 5, Hanna Instruments Ltd UK).The remaining solution was 181 centrifuged for 15mins at 5000rpm and filtered through 0.45 µm nylon syringe filter (Avonchem™). 182
Organic anions (chloride, nitrite, phosphate and sulphate) and cations (sodium, ammonium, potassium, 183 calcium and magnesium) were then measured on the Metrohm ion chromatograph, detection limits 184 described above. 185 186
Rooting depth 187
Soil pits > 30cm wide and 1 m deep were dug at 5m distance from six of the piezometers in order to 188 measure rooting depth. Three of these were dug in slacks with a hydrological regime supporting wet 189 
Results 216

Groundwater direction, groundwater and stream chemistry 217 218
The preliminary topographical and water level survey showed that the direction of groundwater flow is 219 approximately westerly (Fig.1) . The summary data of annual piezometer water chemistry (Table 1) piezometer water chemistry variables showed no significant difference among classes. Nitrate andphosphate concentrations were an order of magnitude higher in the streams running through the site 228 than in the dune groundwater, even in the class of piezometers nearest the south-east site boundary. Nitrate concentrations at all stream sampling points (Fig.2) do not exceed 20 mg/L apart from S2 which 236 considerably exceeds this concentration. They show a slight seasonal trend with concentrations lower 237 in summer than in winter. By contrast, the stream S2 which drains from the south-east boundary into 238 the site shows a steep and rapid increase in nitrate concentration from mid-April that exceeds 50 mg/L 239 for four months, peaking at 87 mg/L in June before rapidly declining from June to September to 240 concentrations similar to other stream sampling points. 241 clarity, but were not significantly different from S4-S9 shown here. 245
Soils 246
A summary of soil physico-chemistry parameters for the three classes of quadrats are shown in Table  247 2 
Vegetation 261
Figure 3 shows water table variation in relation to rooting depth for two hydrographs typical of a wet andCampyllium stellatum dune slack, Festuca rubra subcommunity) and SD15b (Salix repens-Calliergon 264 cuspidatum dune slack, Equisetum variegatum subcommunity) respectively (Rodwell 2000) . Both wet 265 and dry slack communities reveal an asymmetric seasonal pattern whereby the water depth drops 266 steadily over the summer period and increases rapidly in early winter (Fig. 3a) . The summary data for 267 hydrological parameters (Fig. 3b) shows the range of fluctuation in water depth with the average 268 minimum at -105 cm and maximum at 48 cm (i.e. above ground surface), with one piezometer as high 269 as 193 cm. The dry slack community has a lower water depth than that of a wet slack all year around, 270
with the greatest differentiation occurring in the drier months of summer (Fig. 3a) . Roots were 271 significantly more abundant at depths -40 to -60 cm in dry communities than in wet communities (Fig.  272   3c) , there was no significant difference at all other depths. In the wet slack vegetation community, the 273 main rooting zone (0 to -40 cm) is in contact with the water table for approximately 8 months. In the dry 274 slack vegetation community, the main rooting zone (0 to -60 cm) is also in contact with the water table  275 for a similar duration, suggesting rooting depth is constrained by water levels. 276 to -40 cm, -40 to -60 cm, -60 to -80 cm and -80 to -100 cm) expressed as mean ± SE. Asterisks denote 281 significant difference between root abundance in dry slacks SD 14d and wet slacks SD 15b. 282
The PCA plot shows the distribution of the 45 quadrats, coded by their distance to the south-east site 283 boundary, with environmental variables overlain to aid interpretation (Figure 4) . The overlain 284 environmental variables suggest that axis 1 (Fig.4 a) relates to a hydrological gradient in which annual 285 maximum water level, water level range and Ellenberg F were negatively associated with the axis. i.e. 286 high water tables were found to the left of the diagram, corresponding to low scores on axis 1. The low 287 axis 1 scores (Fig.4 b) were occupied by species tolerant of wet soils Galium palustre, Hydrocotyle 288 vulgaris and Carex nigra whereas the highest axis 1 scores were occupied by drier species such as 289 Lotus corniculatus and Trifolium repens. Axis 2 (Fig.4 a) related to a combined soil 290 development/nutrient axis where groundwater NO2 concentrations, soil NO3 concentrations and 291
Ellenberg N were positively linked with axis 2, and soil pH and Ellenberg R were negatively associated 292 with the axis. The overlain species data reinforce this pattern, with low axis 2 scores (Fig.4 b) occupied 293 by species with higher base status demand such as Campyllium stellatum and Equisetum variegatum 294 whereas high scores were revealed by higher fertility species e.g. Rubus caesius and Potentilla 295
reptans. There was no clear separation of quadrats relative to distance to south-east site boundary on 296 Axis 1, however axis 2 (Fig.4 b) (Table 3) . A model containing all hydrological parameters explained 17% of the total species 308 variance, showing as expected a degree of co-correlation between hydrological variables. When tested 309 singly, NO3 explained more of the total species variance than any of the individual hydrological 310 variables. When the influence of all hydrological variables was accounted for in a combined model, 311 adding NO3 explained an additional 7% of species variance. This shows that species variation due to 312 groundwater NO3 was largely independent of that due to hydrology, and that NO3 was significantly 313 affecting plant community composition. 314 The observed nitrate and nitrite soil gradient is likely to be due to uptake from the groundwater during 347 the winter and spring months, when water tables are at their highest and plant roots are in direct 348 contact with the groundwater or capillary fringe. This allows for possible nutrient uptake by the plants 349
and subsequently the nutrients return to the soil surface via litter fall (Berendse et al., 1998), and direct 350 binding of ammonium by the soil. As farming on this pastureland has been carried out for decades it is 351 likely that the nutrient gradient has accumulated over time, but has not yet lead to significantlyincreased organic matter accumulation. This could be due to microbial processes maintaining low 353 nutrient levels, as denitrification has been found to significantly increase with NO3 availability (Merrill 354 and Zak, 1992) . It is also likely that in areas of contamination a shift in the microbial community 355 composition has occurred, which supports higher levels of microbial activity (Peacock et al., 2001) and 356 therefore maintaining low organic matter build up. Although denitrification rates can also be limited by 357 other nutrients such as available carbon (Weier et al., 1993) . 358
359
Assessment of the rooting zones has determined that the water table is likely to be a major factor 360 controlling the rooting depth and as a result the main rooting zones within wet slacks are found in the 361 shallower 0 to -40 cm zone compared with those within dry slacks in the deeper -0 to -60 cm zone. With 362 differing water table regimes in both communities and the effects of capillary reaction, which carries 363 substantial amounts of water 45 cm above it (Ranwell, 1959), both wet and dry slacks main rooting 364 zones are exposed to groundwater for similar periods of the year and therefore are equally vulnerable 365 to groundwater contamination. 366
Although the main determinant of species composition was water If nitrogen pollution within this system continues it is likely that over time the slacks will become more 373 eutrophic, resulting in greater productivity, more rapid soil development, increase in succession rate 374 and loss of species (Jones et al., 2008) . Other issues of concern are the projected changes in 375 hydrological regimes, due to climate change, from wet dune slack regimes to dry grassland regimes 376 (Curreli et al., 2012) . This is likely to increase the mineralisation of organic matter, such that the desired 377 low nitrogen and phosphorus conditions are not preserved (Lammerts and Grootjans, 1997), which will 378 further exacerbate the eutrophication issue. This study is the first evidence that shows biological impact 379 caused by DIN groundwater concentrations below 0.2mg N/L within dune wetlands, which is below 380 threshold concentrations described by Davy et al. (2010) and Camargo and Alonso (2006) . 381 to store nitrogen in the soil, and leach nitrate readily (Rowell, 1994) . As a result, it is more cost effective 385 for farmers operating on sandy soils to only apply enough nitrogen that can be directly utilised by the 386 crop. Site specific measures to reduce excess N leaving the site could include a new fertiliser 387 application regime whereby less fertiliser is applied in more frequent doses which will reduce the loss of 388 nitrate through leaching, and installation of fenced buffer zones along pastureland edges and ditches to 389 enhance filtration of nutrients and decrease the rates of runoff (Patty et al., 1997) . 390 391
Conclusions 392
Aberffraw dune system is exposed to a nutrient gradient in groundwater which is likely to be caused by Further, it shows that groundwater nutrient inputs need to be considered in addition to atmospheric N 403 inputs in wetland systems. However, additional work is needed to determine the fluxes of N entering the 404 site, in order to match the critical load approach. Experimental approaches to investigate groundwater 405 nutrient impacts would also be useful, but technically difficult to implement. 
